This paper describes a method for designing a lter bank for segmenting modulation features in line textures. A new version of the S-Gabor lter of Heitger et al 1] is developed in which the range of frequencies covered by the lter can be easily controlled. A method of tuning S-Gabor lters to modulation features in line textures is also presented. The candidate frequency set is obtained by selecting high-energy pixels in Fourier power spectra of the texture images. In the resulting data set, low-frequency clutter is distinguished from pixels representing modulation features using Gustavson-Kessel fuzzy clustering. The lter bank that is obtained from these processes is used to segment images of sh scales, whereby regions corresponding to slow growth are characterized by attenuation of the spatial frequency of the growthrings.
INTRODUCTION
Line textures of modulated spatial frequency are a common product of natural growth or deposition phenomena. The identi cation of modulation features in such textures can yield information about the events which caused them, yet there is at present no analytical way of doing this. We describe here a new procedure which deals with the problem of segmenting a texture of continuously variable frequency. The original formulation of the S-Gabor lter by Heitger et al 1] was used as a model of the mammalian visual cortex, and was intended to create lters with the properties of symmetrical Gabor lters but with zero d.c. bias. In this context, the degree of modulation required is small and the lters are not tuned detect any particular target texture. We found 2] that S-Gabor lters could be used to detect modulation features in line textures, but it was di cult to tune lters to target features because the range of frequencies produced by an exponential sweep function could not be controlled easily. We use a new, simpli ed version of the S-Gabor function in which the frequency undergoes a linear sweep This work was supported by EPSRC grant number GR/K 44558 and The Environment Agency to create channels which capture the modulation features in the image. The parameters of these channels require more sophisticated estimation techniques than those available for segmenting regular line textures 3, 4]. We develop the approach of using fuzzy clustering to determine the spread of frequencies in the texture by selecting only high-energy pixels for submission to the clustering process. This new framework for texture segmentation is exploited to detect zones of di erential growth-line deposition in sh scales. When growth is slow in winter, the line spacing is characterized by signi cant frequency attenuation. This remainder of this paper is organized as follows. Section 2 details the formulation of the S-Gabor lter for segmentation of modulated textures. Section 3 describes how the parameters of the lter bank are estimated using fuzzy clustering. In section 4, the application of the method to identifying regions of slow growth on sh scales is discussed. Conclusions are drawn in section 5.
CHANNEL MODEL
Although we have used the S-Gabor lter of Heitger et al 1] to segment sh scale images 2], it is not ideally suited to the task since it is too analytically complex to be accurately tuned to the target textures. We therefore decided to investigate the segmentation of sh scale images using an S-Gabor function with a simpler frequency-modulating component. Our channel model is a new version of the S-Gabor function, where the central frequency of the Gabor kernel undergoes linear decay. This gives a more predictable response in the frequency domain. In the direction of the sinusoidal part of the lter, the complex S-Gabor function takes the form:
where x is the spatial position, rstly, the modulation is controlled by a single parameter; secondly, the frequency representation of the lter is more predictable. The Fourier representation of the lter is as follows: 
PARAMETER ESTIMATION
The underlying philosophy of the parameter estimation method proposed here is that the position of high-intensity pixels in Fourier power spectra are indicative of the nature of the dominant sinusoids in an image. By tuning the parameters of the lter such that they have maximum response at these positions in the power spectrum, channels that are capable of responding to the texture features can be designed. The modulated line textures seen in sh scale images produce a single blurred peak in the Fourier power spectrum, the spread of which indicates the range of frequencies in the texture. The parameter estimation procedure for our set of channels is essentially a clustering process, whereby the range of frequencies attributable to the growth rings is identi ed. The channels are tuned to divide up the frequency range to select for frequency maxima and minima.
Fuzzy data set
The rst step in our parameter estimation routine is to select the high energy pixels in the power spectrum. Rather than select a xed number of pixels, those brightest pixels whose energy accounted for 95% of the energy in the image were selected. This is analogous to an a priori version of the lter selection scheme of Jain and Farrokhnia 5] , where the brightest channels whose combined energy amounts to 95% of all the channels are selected for the segmentation process. There are several advantages to this approach. Firstly, if all data points were included in the clustering routine, the distribution of spatial frequencies would not be clumped around the peak we wish to identify. Secondly, it reduces the number of data points in the analysis considerably; for a 256 pixel square image, the number of pixels included was typically 2000, which is 3% of the pixels in the power spectrum. Thirdly, by specifying the number of pixels for analysis by the energy they account for, we can be sure that the number of data points included in the clustering process is representative of the frequency features of the image under analysis. After the power spectrum has been processed in this way, the energy of the pixels forming the modulationpeak is not distinct from the low-frequency components found in power spectra of natural textures. Because of this, it is necessary to use a clustering routine to separate the modulation peak from low-frequency features.
Estimating frequency range by Fuzzy Clustering
Our choice of fuzzy-clustering algorithm is based on considerations regarding the structure of the Gabor power spectrum. Typical peak-structures are represented by compact ellipsoidal clusters in the power spectrum. We would therefore like to be able to control the cluster density, since this will control the acceptable spread of the peak. It is for this reason that we reject the standard fuzzy c-means algorithm 6] in favour of the Gustavson-Kessel algorithm 6]. This algorithm allows us to specify acceptable cluster density (and hence, cluster volume) a priori.
Gustavson-Kessel Fuzzy Clustering
The idea of specifying the weight of membership (between 0 and 1) of a data point to two or more clusters imposed on a data set is the central goal of fuzzy clustering. The membership of each datum i to a cluster j is proportional to some measure of dis- 
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Channel design
The spread of the modulation-cluster is then used to design a lter bank capable of distinguishing modulated features. The goal here is to is to design a set of channels whose responses in the power spectrum cover the cluster of the texture peak when combined, but whose overlap is reduced to a minimum. The modal frequency response of each channel is set by the parameter !. The shape of the S-Gabor lter in the frequency can be manipulated such that the overlap of closely-positioned channels is less than would be obtained for Gabor counterparts of equal spatial spread. This is achieved by tuning the modulating parameter k to sweep the frequency of the lter to the frequency extrema of the modulation-peak. For a frequency range speci ed by ! max and ! min ,
Because the local frequency maxima and minima of sh scale growth lines is not constant, four foreground and four background lters were used to segment sh scale images.
EXPERIMENTS
We choose the segmentation of sh scale images as our experimental vehicle. Scales are routinely analyzed by sheries scientist to determine the growth history of sh stocks that they are monitoring. The spacing of the growth rings on sh scales is indicative of the rate of growth at the time that the ring was laid down. Since growth is slow in winter, the number of closely-spaced bunches of rings represents the age of the sh. An automatic method of analyzing sh scale images would be of great bene t to sheries scientists. Results of fuzzy clustering of the Fourier power spectra of sh scale images are shown in gure 1. The modulation-cluster is robustly detected in each case. Using the above procedure we can detect modulation features using four S-Gabor channels tuned to foreground and background features. Unsupervised segmentation is achieved by grouping channels that select frequency maxima against those that select frequency minima. A pixel is labeled according to which channel grouping has the highest response at that point. Even though this is a simple method of channel combination, the channel model describes the data so well that segmentation is good. Figure 2 (a) shows segmentations of images in gure 2(b) using Heitger's S-Gabor channels. Figure 2(c) shows segmentations using S-Gabor channels with linear frequency decay and shows that a much less cluttered detection of frequency maxima is obtained. This is because S-Gabor lters that have a linear frequency sweep can be tuned to features in the image more easily.
CONCLUSIONS
We have presented a novel method of characterizing frequency-modulated line textures. The main contribution of this work has been to present a new frequency-modulated Gabor kernel which o ers certain advantages over the exponential frequency modulation scheme underpinning the S-Gabor kernel of Heitger et al 1]. In particular, the linear form allows us to analyze the Fourier components of the power spectrum in closed form. We have combined the new texture characterization with a fuzzy clustering algorithm and have demonstrated this combined methodology on the segmentation of texture patterns in sh scales. An experimental comparison shows that segmentations obtained with our new modulation function provide a much cleaner localization of the modulation features in sh scales. Our future plans revolve around re ning the fuzzy clustering step of the segmentation process. In particular, we are investigating the use of Dempster, Laird and Rubin's Expectation-Maximization algorithm 7] as a means of unsupervised classi cation.
